ABSTRACT The voltage-source converter (VSC) based multi-terminal direct-current (MTDC) networks are currently being developed in large-scale power grids for efficient and economical transmission of electrical energy generated from remotely sited renewable energy sources (RESs). As the MTDC network is developed alongside the conventional AC grid, it has transformed the power grid to a hybrid AC/MTDC power network. However, since the MTDC network is controlled via the power electronic converters (PECs), it significantly affects the AC power grid damping and synchronising performance as it decouples the natural dynamics between various electro-mechanical systems in the power grid. This paper proposes a supplementary control scheme to improve the damping performance of the entire hybrid AC/MTDC power grid. The damping torque analysis (DTA) technique is used as the primary technique to develop the supplementary control scheme. The preliminary analysis is carried out using a two-terminal hybrid AC/DC power grid and has suggested a supplementary control loop based on the rotor speed deviation for the DC voltage controller of the VSC to improve the damping performance. With the state-space model, the synchronising and damping torque coefficients are calculated and accordingly, the feedback gain is determined to provide optimal synchronising and damping torque components. Subsequently, the fidelity of the supplementary controller is verified using a four-terminal hybrid AC/MTDC grid. Simulation studies prove that the proposed supplementary controller can improve the hybrid AC/MTDC network damping performance, and it performs very effectively with the master-slave control and the conventional droop control scheme.
I. INTRODUCTION
The conventional AC power grid architecture is rapidly evolving with the integration of voltage-source converter (VSC) based high-voltage direct-current (HVDC) transmission systems. In particular, with the large-scale integration of renewable energy sources (RESs), multi-terminal directcurrent (MTDC) networks are widely adopted for energy transmission across a long-distance [1] . The HVDC and the MTDC systems offer advantages over AC transmission systems, such as loss reduction in long-distance power transmission and control flexibility [2] . However, the VSCs would adversely affect the damping performance of the AC grid as
The associate editor coordinating the review of this article and approving it for publication was Xudong Zhao. they decouple the dynamics of different electro-mechanical systems in the hybrid AC/DC power grid [3] , [4] . In particular, they can affect the rotor angle stability of the AC grid and increase the frequency and voltage oscillations under power network disturbances. Therefore, the VSC-HVDC and MTDC networks should be equipped with additional control schemes to provide sufficient damping to the AC grid.
A variety of strategies were proposed in the published literature to improve the oscillatory stability of HVDC grids [5] - [7] . These techniques can be basically classified into conventional control-based techniques and advanced intelligent control techniques, and the oscillatory stability issues are ranging from AC power/frequency oscillations, sub-synchronous oscillations to DC oscillations.
In [5] , authors have proposed a control strategy to prevent the propagation of AC side oscillations into the HVDC grid by optimising the circulating current references. Authors in [6] proposed a damping controller to mitigate subsynchronous oscillations in HVDC connected offshore wind farm. An impedance-based modelling and stability analysis approach was presented in [7] to analyse and devise control strategies for mitigating DC oscillations caused by DC capacitors.
The advanced intelligent control techniques, such as fuzzy-logic control and neural networks have been developed [8] - [10] , and they are being applied to hybrid AC/HVDC systems to improve stability. Reference [11] proposed a fuzzy-logic controller which was utilised as the active power and voltage controller of a two-terminal VSC-HVDC network. An adaptive fuzzy controller was proposed for VSCs in [12] to damp out power oscillations. Reference [13] presented a neural damping controller to maintain the operation of the VSC-HVDC network under severe disturbance. Additionally, the fuzzy-logic control can be combined with the droop control to achieve DC voltage stability and improve power-sharing accuracy [14] . However, the advanced intelligent control schemes result in extra calculation burden and require high computation capability [15] , which may weaken the real-time control performance of the hybrid AC/DC power network.
Due to the increased interest in hybrid AC/MTDC power grids during recent years, there has been a number of research studies published on oscillatory stability of hybrid AC/MTDC power grids [16] - [21] . Reference [16] proposed a decentralised inter-area oscillation damping method for a hybrid AC/MTDC network based on the analysis conducted with the state-space model. In [17] , authors presented an active damping method for an MTDC network to suppress resonance. A linearised model of an MTDC network was built in [18] to conduct electromechanical transient analysis. Apart from the model analysis [20] , [22] , Lyapunov stability criterion-based analysis methods are also adopted in rotor angle stability analysis. Reference [19] presented a power injection scheme based on the control Lyapunov function (CLF) to maintain the stability of the MTDC network. A coordinated control method based on the CLF was proposed in [21] to improve rotor angle stability of the onshore power network during an offshore disturbance. However, both the modal analysis and the Lyapunov method have some drawbacks in terms of analysing the influence of the control scheme from the synchronising and damping torque perspective for a given power network.
The synchronising and damping are two aspects of the rotor angle stability, which can be analysed using the damping torque analysis (DTA) technique [23] , [24] , and the DTA is found to be an effective technique to evaluate both components separately. As one of the key methods used for smallsignal rotor angle stability analysis, the DTA was firstly applied on AC power systems to analyse the rotor angle stability [25] , [26] . Reference [27] applied the DTA to analyse the effect of doubly-fed induction generators (DFIGs) in the power system with wind power generation. The impact of power electronics devices (e.g., static VAr compensator (SVC), static synchronous compensator (STATCOM)) in the power system was investigated in [23] . There were only a few research studies on applying the DTA technique to HVDC systems. Reference [28] , [29] analysed the linecommutated converter (LCC) based HVDC system using the DTA technique, but a method of calculating the synchronising and the damping coefficients was not presented in the study. Therefore, according to the published literature, the DTA technique has not been widely applied in power systems with VSC-HVDC networks or MTDC networks.
In this paper, the DTA technique is applied with the modal analysis to analyse the damping and synchronising performance of the hybrid AC/MTDC power network. For the preliminary analysis, a state-space model of a two-terminal hybrid AC/DC network is developed with detailed models of VSCs to establish the theoretical foundation for analysing the synchronising and damping torque components. Based on the DTA, a supplementary control loop is introduced to the VSC. Thus, the synchronising and damping torque components are produced to improve the rotor angle stability. Then, dynamic simulations are conducted in DIgSILENT Power Factory to validate the performance of the supplementary control loop. Finally, the analysis is extended to a hybrid AC/MTDC network with four VSC terminals.
This research makes the following contributions to the field of hybrid AC/MTDC power grids:
• It is proved that the DTA technique can be applied to hybrid AC/MTDC power grids to analyse the smallsignal rotor angle stability. Prior to this work, the DTA technique was only applied to LCC-HVDC networks;
• A supplementary control loop is designed based on the rotor speed deviation to improve the damping performance of hybrid AC/MTDC power grids;
• A calculation method is developed to derive the synchronising and damping torque coefficients introduced by the supplementary control loop;
• It is proved that the DTA technique can be used to choose the optimal gain for the supplementary control loop;
• The supplementary control loop can be combined with both master-slave control and droop control schemes and can achieve superior damping performance. Hence, the supplementary control loop is applied to the outer controller of the d-axis current reference. The rest of the paper is organised as follows: Section II introduces the architecture of the two-terminal hybrid AC/DC network and exemplifies the control strategies of converters. Section III presents the development of the state-space model of the two-terminal hybrid AC/DC network. The DTA is introduced in Section IV, and the synchronising and damping torque coefficients are calculated for the supplementary control loop. Section V verifies the analysis and calculations in Section IV using the eigenvalue analysis and dynamic simulations. Section VI extends the analysis to a four-terminal hybrid AC/MTDC network and verifies the effectiveness of the supplementary control loop with both the master-slave control and the droop control schemes. Section VII summarises the conclusions of the study.
II. THE TWO-TERMINAL HYBRID AC/DC NETWORK MODEL

A. SYSTEM STRUCTURE
The two-terminal hybrid AC/DC network shown in Fig. 1 is investigated to establish the theoretical foundations to apply the DTA technique to hybrid AC/MTDC networks. The synchronous generator (G) is connected to the rectifier via a transformer. The high-voltage side of the transformer is connected to the AC side of the rectifier. A DC transmission line connects the DC side of the rectifier and the inverter. The AC side of the inverter is the infinite bus.
The transformer and the DC transmission line impedances are X t and X dc , respectively. The generator terminal voltage is v t ; the bus voltage at the high voltage side of the transformer is v h ; the infinite bus voltage is v bus . The DC voltages on the rectifier side and inverter side are V dcr and V dci , respectively. i g is the output current of the generator; i r is the input current of the rectifier; i g is equal to i r . I dc is the current in the DC transmission line. i i is the output current of the inverter. The values of all parameters are presented in the Appendix-A.
B. CONVERTER CONTROLLERS
The automatic voltage regulator (AVR) of the synchronous generator controls the terminal voltage (v t ). The rectifier controls the DC voltage (V dcr ) and the reactive power at the AC side (Q r ). The inverter controls the active power (P i ) and the reactive power (Q i ) at the AC side. V dcrref is the DC voltage reference of the rectifier. P iref is the active power reference of the inverter and P r is the active power of the rectifier.
The rectifier DC voltage and reactive power controllers (i.e. G dcr (s) and G Qr (s)) are based on PI regulators. The k pdcr and k idcr are the proportional and the integral parameters of the G dcr (s), respectively. The output signal of the DC voltage regulator is i rdref , which is the d-axis current reference of the rectifier. i rdmax and i rdmin are the maximum and minimum current limits of i rdref , respectively. Q rref is the reference of the rectifier reactive power. k pQr and k iQr are the proportional and integral parameters of the G Qr (s), respectively. The output signal of the reactive power regulator is i rqref , which is the q-axis current reference of the rectifier. i rqmax and i rqmin are the maximum and minimum current limits of i rqref , respectively.
The rectifier inner current controller is designed as a decoupled controller, and the rectifier AC currents for d and q axes are i rd and i rq , respectively. k pir and k iir are the proportional and integral parameters of the rectifier current PI regulator G ir (s), respectively. v acrd and v acrq are the rectifier AC voltage on d and q axes, respectively.
The inverter active and reactive power controllers are also based on PI regulators. k pPi and k iPi are the proportional and integral parameters of the inverter active power regulator G Pi (s), respectively. The output signal of G Pi (s) is i idref , which is the d-axis current reference of the inverter. i idmax and i idmin are the maximum and minimum current limits of i idref , respectively. Q iref is the reactive power reference of the inverter. k pQi and k iQi are the proportional and integral parameters of the inverter reactive power regulator G Qi (s), respectively. i iqref is the q-axis inverter current reference. i iqmax and i iqmin are the maximum and minimum current limits of i iqref , respectively.
The inverter inner current controller is also designed as a decoupled controller, and the inverter AC currents for d and q axes are i id and i iq , respectively. k pii and k iii are the proportional and integral parameters of the inverter current PI regulator G ii (s), respectively. v acid and v aciq are the inverter AC voltage on d and q axes, respectively.
III. TWO-TERMINAL HYBRID AC/DC NETWORK MODELLING
This section exemplifies the development of the hybrid AC/DC network state-space model shown in Fig. 1 . The statespace models of the generator, the rectifier and the inverter are built separately. Then, the model of the entire system is obtained by aggregating individual state-space models. Following sub-sections explain the modelling of individual components and formulation of the state-space model of the entire system.
A. GENERATOR MODELLING
The generator model is built based on [30] . The salient pole synchronous generator model is used. In the generator model, the influence of the AVR is explicitly considered [23] . The transfer function of the AVR is represented by;
where K A is the gain and T A is the time constant. The statespace model of the generator is given by;
The input signals are i gd , i gq and v tref , where i gd and i gq (deviation of i g on d and q axes) are provided by the rectifier and v tref is an external input signal. The output signals are v hd and v hq (i.e., deviation of v h on d and q axes). The detailed generator state-space matrix can be found in the Appendix-B.
B. CONVERTER MODELLING
The simplified diagrams of the rectifier and the inverter are shown in Fig. 2 . L and R are the inductance and the resistance of the AC-side filter. v acr and v aci are the AC voltage values between the AC filter and the converter bridge circuit. C is the DC bus capacitance. i c is the capacitor current. The selection of the DC capacitor is based on the power balance between the AC and the DC side of the converter, and the capacitor is selected to ensure the DC voltage ripple is less than 10% [31] .
According to Fig. 2 (a) , the following equations can be deduced [32] .
where ω is the rotor speed. Since references of i rd and i rq are the output signals of the DC voltage controller and the reactive power controller,
According to the inner-current controller,
where;
Thus, the state-space matrix of the rectifier is:
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Assume that the impedance of the transmission line is X dc , and the transmission line can be modelled as follows.
The input signals V dcr and V dci are the deviations of DC voltage provided by the rectifier and the inverter, respectively. The output signal is the DC current deviation I dc .
D. AGGREGATION OF SUBSYSTEM MODELS
In generator modelling and analysis, the d and q axes are selected based on the rotor. The position of d-axis is along the main magnetic axis of the field winding, and the q-axis is 90 • electrical degrees ahead of the d-axis. The dq reference frame of the generator is shown in blue in Fig. 3 . In rectifier modelling, the dq axes are selected according to the AC voltage. The position of d-axis is aligned with the Since the dq reference frames used for the generator and the rectifier are different, the reference frames must be transformed as given in (10) . The transformation matrix is given in Appendix-B.
Finally, state-space models (e.g. rectifier, inverter, transmission line and generator) built above are aggregated based on the input-output relationship shown in Fig. 4 . The statespace model of the entire test system is in Appendix-B.
E. VALIDATION OF THE STATE-SPACE MODEL
Based on the state-space model built above, the eigenvalues of the system state matrix can be calculated. Thus, the stability of the system can be demonstrated by the position of the eigenvalues on the complex plane. If all the eigenvalues are on the negative side, the system is asymptotically stable. The eigenvalues located close to the imaginary axis are illustrated with '' * '' in Fig. 5 . According to Fig. 5 , all eigenvalues possess negative real parts, which indicate the system is stable under small disturbances.
Step response tests are also conducted to validate the stability of the model. A step signal is introduced to the inverter active power reference P iref , and the step amplitudes are 1%, 5%, and 10%. The initial value for power reference, P iref is 0.9 p.u. The responses of the rectifier AC voltage v h and the rotor speed ω are shown in Fig. 6 (a) and (b) , respectively. Therefore, according to Fig. 6 , the system can reach the steady-state after being subjected to small disturbances, which also confirms that the developed state-space model is stable.
IV. DAMPING TORQUE ANALYSIS A. DAMPING TORQUE ANALYSIS
The DTA technique decomposes the electrical torque into synchronising and damping torque components. The synchronising torque improves the ability of the generator to maintain synchronism with the rest of the power system. The damping torque improves the ability of the generator to reduce rotor speed oscillations, hence power oscillations. The linearised swing equation of the synchronous generator is given as follows,
where δ is the rotor angle of the generator; ω is the rotor speed; ω 0 is the initial rotor speed; M is the inertia coefficient; P e is the electrical power output of the generator; D is the damping coefficient. The mechanical power is considered to be constant. The diagram of the linearised swing equation is shown in Fig. 7 .
Since the operating point is around the synchronising speed;
If there exists any controller creating the feedback loop for the rotor angle or rotor speed, the deviation of the electrical torque T e of the synchronous generator can be divided into two components: the damping torque component and the synchronising torque component. T d is the damping torque coefficient (p.u. (torque)/ p.u. (speed deviation)); T s is the synchronising torque coefficient (p.u. (torque)/ rad (angle deviation)). These components are shown in Fig. 8 [33] .
To keep the synchronous generator rotor angle stable, according to the Routh stability criterion, all the roots of the characteristic polynomial of the system should have negative real parts. The characteristic polynomial is given by;
Assume that the two roots are x and y, x >0, y >0, hence;
Since M is a positive value, both T d and T s should be positive. 
B. THE SUPPLEMENTARY CONTROL LOOP
According to the above analysis, a supplementary control loop for the rotor speed can be introduced to the two-terminal hybrid AC/DC power network to improve the control capability of the rotor speed and rotor angle. If both coefficients, T d and T s are positive for the supplementary control loop, the supplementary control loop introduces extra synchronising and damping torque components to the system. Therefore, the supplementary control loop can help to improve the rotor angle stability of the system. Hence, the damping performance could be improved.
As shown in Fig. 9 , the rotor speed deviation with a gain K (i.e., K ω) is applied to determine the DC voltage reference of the rectifier. Therefore, instead of a constant (V dcr0 ), the reference of the DC voltage of the rectifier is designed to be V dcr0 + K ω, as shown in Fig. 9 .
With this supplementary control loop, the deviation of rotor speed can be reflected in the DC voltage of the rectifier. Therefore, the DC voltage variation can make a change to the active power in the HVDC transmission line, and eventually change the performance of the generator rotor speed according to the swing equation.
C. SYNCHRONISING AND DAMPING TORQUE COEFFICIENTS CALCULATION
According to the system modelling in Section III, the state matrix A and the input matrix B of the entire system can be calculated. The state equation is given by:
Thus,
Since ω is one state variable and V dcrref is one input signal, the relationship between the rotor speed deviation ω and V dcrref is obtained as an element of (s-A) −1 B. The element is assumed to be 'TF(s)'.
According to (12) ,
where
Re[(Ms+D)TF(s)] is the real component of (Ms + D)TF(s), Im[(Ms + D)TF(s)] is the imaginary component of (Ms + D)TF(s). Since
Therefore,
Assume that;
Then,
Values of a and b are calculated based on the state-space model. If the values are in such a way that Ka is positive, and Kb is negative, then the supplementary control loop results in positive damping torque and synchronising torque in the considered system. Therefore, better rotor angle stability performance can be achieved by introducing the K ω term at the DC voltage controller.
V. DAMPING PERFORMANCE ANALYSIS WITH THE SUPPLEMENTARY CONTROL LOOP
In this section, the effectiveness of the supplementary control loop is verified with both eigenvalue analysis and dynamic simulations.
A. EIGENVALUE ANALYSIS
Using the state-space model built in Section III, the parameters a and b in (21) can be calculated: a = 0.0090, b = −0.0163. Thus, the gain K should be a positive value. The eigenvalues are shown in Fig. 10 . The blue eigenvalues refer to the negative K ; the direction of the arrow indicates the decrease of K (increase of the absolute value of K ). The green eigenvalues refer to the positive K , the direction of the arrow indicates the increase of K . Therefore, the system is unstable if the K is negative, and the system maintains stability when the K is positive.
B. VERIFICATION VIA DYNAMIC SIMULATIONS
The above analysis is further verified via dynamic simulations conducted in DIgSILENT Power Factory by constructing the test system shown in Fig. 1 with same controllers. At t = 1 s, a 10% disturbance lasting for 0.01 s is applied on the inverter active power reference. The simulation results are shown in Fig. 11 and Fig. 12 .
The rotor speed and rotor angle performance with different K values are shown in Fig. 11 . K = 0 represents the condition where no supplementary control loop is applied at the DC voltage controller. The rotor speed returns to a stable condition after three oscillations. Overall, it takes around 4 s for the system to stabilise. The rotor angle also stabilises at another equilibrium point after the disturbance. With the increase of K , the system returns to stability more rapidly, and the oscillation amplitude also decreases. Therefore, the supplementary control loop provides an extra damping torque to the generator. Also, it can be observed that extra damping torque is stronger when the K becomes larger. Fig. 12 shows the performance of the rotor speed and the rotor angle with a negative K . It is evident that the system is not stable under this condition. Therefore, the twoterminal hybrid AC/DC network indicates improved rotor angle and rotor speed performance after implementing the rotor speed deviation-based supplementary control loop with a positive K .
VI. FOUR-TERMINAL HYBRID AC/MTDC NETWORK
The effectiveness of the rotor speed deviation-based supplementary control loop is further verified with a four-terminal hybrid AC/MTDC network in this section.
A. SCENARIO1: MTDC NETWORK WITH MASTER-SLAVE CONTROL
The four-terminal hybrid AC/MTDC network with masterslave control is shown in Fig. 13 . The bus AC1 is connected to an external grid via an AC transmission line. AC2 is connected with a generator G2 and a load L2. AC3 and AC4 are connected with generators G3 and G4, respectively. The parameters of the hybrid AC/MTDC network are given in Appendix A Table 2 .
Converter VSC1 controls the DC voltage of bus DC1 as well as the reactive power on the AC bus. Other VSCs control active and reactive power at their AC buses. The power flow results are shown in Fig. 13 with arrows and active power values. In Fig. 13 , V dc is the actual value of the DC voltage; V dcref is the DC voltage reference; Q ref is the reactive power reference; Q is the actual reactive power value; P ref is the active power reference; P is the actual active power value. The output signal of the V dc controller or P controller is i dref , which is the d-axis current reference of the VSC. The output signal of the Q controller is i qref , which is the q-axis current reference of the VSC.
Following a similar procedure as Section III, the statespace model of the hybrid AC/MTDC network is developed to assess the small-signal stability of the network. The eigenvalues are shown in Fig. 14 . All the eigenvalues are on the negative side of the complex plane, which confirm the network is asymptotically stable.
Since VSC1 is not connected with a synchronous generator, the supplementary control loop is applied to VSC2∼VSC4. In the two-terminal VSC-HVDC network, the supplementary control loop is introduced to the DC voltage controller which provides the reference of d-axis current. For converters VSC2∼VSC4, the active power controller provides the d-axis current reference. Thus, the supplementary control loop is introduced to the active power control loop, as shown in Fig. 15 . P 0 is the initial active power reference, P ref is the modified active power reference; k pP and k iP are the proportional and integral parameters of the active power regulator, respectively. The output signal i dref is the d-axis current reference of the VSC. i dmax and i dmin are the maximum and minimum current limits of i dref , respectively.
By following a similar analysis procedure as the twoterminal hybrid AC/DC system in Section IV.C, the values of variables a and b are calculated, and the calculated values for each VSC are provided in the Appendix A Table 3 . The values of a are negative, and the values of b are positive. Therefore, to ensure the introduced damping and synchronising torque components are both positive, the value of K should be negative. The synchronising and damping torque coefficients of the supplementary control loop increase with the decrease of K (i.e., increase of absolute value of K ).
1) ACTIVE POWER REFERENCE DISTURBANCE
Simulations are conducted with DIgSILENT Power Factory to verify the effectiveness of the supplementary control loops introduced in VSCs to improving the generator damping performance. A 10% deviation lasting for 0.01 s is introduced to the active power reference of the converter VSC2 at t = 1 s. The performance of the generator rotor speed under different K values is shown in Fig. 16 (a) . ω2, ω3, and ω4 are the rotor speed of the generators G2, G3, and G4, respectively. In addition, a 10% deviation lasting for 0.01 s is introduced to the active power reference of the converter VSC4 at t = 1 s. The performance of the generator rotor speed under different K values is shown in Fig. 16 (b) . The K = 0 represents the system performance without the supplementary control loop.
According to Fig. 16 it is obvious that the magnitude of rotor speed oscillations of all generators has decreased when the supplementary control loop is introduced to VSCs in the hybrid AC/MTDC network. With the decrease of K , the improvement in the rotor speed oscillation is more noticeable. For example, by comparing the blue waveform (supplementary control loop with K = −1000) with the red waveform (without the supplementary control loop) in Fig. 16 (a) , the oscillation magnitudes of ω2, ω3, and ω4 have decreased by 87.8%, 54.7%, and 55.6%, respectively; while the oscillation time of ω2, ω3, and ω4 has decreased by 94.0%, 69.6%, and 71.8%, respectively. Therefore, the supplementary control loop designed based on the DTA technique can effectively mitigate the oscillations created by the active power reference disturbance in the hybrid AC/MTDC network.
2) DC BUS SHORT CIRCUIT WITH IMPEDANCE
A 150 ms short-circuit fault with a fault impedance of 300+j3140 is applied at t = 1 s on a DC bus, which results in a 10% voltage drop at the DC bus. The simulation results for the short-circuit fault at the DC2 are shown in Fig. 17 (a) ; while the simulation results for the short-circuit fault at the DC3 are shown in Fig. 17 (b) . Red lines represent the rotor speed performance without the supplementary control loop, whereas the blue lines represent the rotor speed performance with the supplementary control loop.
According to the results, it can be seen that the oscillation magnitude decreases when the supplementary control loop is introduced to VSCs. In addition, generators require shorter time to damp out the oscillations after the short-circuit fault, when the supplementary control loop is introduced to VSCs. For example, by comparing the blue waveform (with the supplementary control loop) with the red waveform (without the supplementary control loop) in Fig. 17 (a) , the oscillation magnitudes of ω2, ω3, and ω4 have decreased by 61.1%, 43.2%, and 18.6%, respectively; while the oscillation time of ω2, ω3, and ω4 has decreased by 73.2%, 64.5%, and 53.0%, respectively. Therefore, the supplementary control loop is effective in improving the damping performance of generators when there is a short-circuit fault in the hybrid AC/MTDC network.
B. SCENARIO 2: MTDC NETWORK WITH DROOP CONTROL
In this scenario, the DC voltage droop control scheme is applied to all VSCs in four-terminal hybrid AC/MTDC instead of master-slave control, as shown in Fig. 18 .
In order to verify the effectiveness of the supplementary control loop in combination with the droop control scheme, the supplementary control loop is introduced to VSC2∼VSC4. The modified V dc -P controller is shown in Fig. 19 . V dc0 is the initial DC voltage reference; V dc is the actual value of DC voltage; V dcref is the modified DC voltage reference; K droop is the droop gain; P ref is the active power reference; P is the actual active power value. k pP and k iP are the proportional and integral parameters of the active power controller, respectively. The output signal i dref is the d-axis current reference of the VSC. i dmax and i dmin are the maximum and minimum current limits of i dref , respectively.
Similar to scenario 1, a 10% deviation lasting for 0.01 s is introduced to the active power reference of the converter VSC2 at t = 1 s. The performance of the generator rotor speed under different K values is shown in Fig. 20 (a) . Another 10% deviation lasting for 0.01 s is introduced to the active power reference of the converter VSC4 at t = 1 s. The generator rotor speed variation under different K values is shown in Fig. 20 (b) . The K = 0 represents the system performance without the supplementary control loop.
According to the simulation results, both the oscillation magnitude and oscillation time have reduced for all generators. For example, by comparing the blue waveform (supplementary control loop with K = 50) with the red waveform (without the supplementary control loop) in Fig. 20 (a) , the oscillation magnitudes of ω2, ω3, and ω4 have decreased by 28.4%, 42.7%, and 43.7%, respectively; while the oscillation time of ω2, ω3, and ω4 has decreased by 68.6%, 48.3%, 60.6%, respectively. Therefore, the supplementary control loop performs effectively with the DC voltage droop control scheme.
VII. CONCLUSION
This paper investigated the synchronising and damping performance of the hybrid AC/MTDC power grid using the DTA technique. A detailed analytical procedure was presented to investigate the synchronising and damping torques of the hybrid AC/DC power network. Additionally, a calculation procedure was presented to determine the values of the synchronising and damping torque coefficients, since these coefficients must be appropriately calculated for each network to effectively damp out oscillations. Based on the DTA, a supplementary control loop was introduced to improve the damping performance of the hybrid AC/DC power grid. A two-terminal and a four-terminal hybrid AC/MTDC networks were used to verify the effectiveness of the supplementary control loop and the parameter selection method. This study has also shown that the supplementary control loop could effectively mitigate the oscillations and improve the damping performance of the hybrid AC/MTDC network with both the master-slave control and the droop control schemes. In addition, the DTA technique is proved to be effective to analyse the damping performance of the VSC-based hybrid AC/MTDC power grids. Therefore, this paper has contributed to the oscillatory stability improvement of emerging hybrid AC/MTDC power grids.
APPENDIX
A. SYSTEM PARAMETERS
The parameters of the system are shown in TABLE 1∼TABLE 3.
B. DETAILED STATE-SPACE MODELS
The detailed state-space model of the generator 
where 
The detailed state-space model of the rectifier (27)- (30), as shown at the bottom of the 12th page.
The detailed state-space model of the inverter (31)- (34), as shown at the bottom of the previous page.
The dq reference frame transformation (35), as shown at the bottom of the previous page.
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